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A B S T R A C T  
For aqueous wastes containing 1 t o  20 w t %  organics ,  
s u p e r c r i t i c a l  water oxidat ion is le s s  cos t ly  than controlled 
inc inera t ion  o r  act ivated carbon treatment and f a r  more 
ef f ic ient  than  wet oxidation. Above the  c r i t i c a l  tem- 
pera ture  (374O~)  and pressure (218 a t m )  of water, organic  
mater ials  and gases a r e  completely m i s c i b l e  with w a t e r .  I n  
s u p e r c r i t i c a l  water oxidat ion,  organics ,  air and w a t e r  a r e  
brought  together i n  a mixture at 250  a t m  and temperatures 
above 4 0 0 ~ ~ .  Organic oxidation is in i t i a t ed  spontaneously 
at these conditions.  The heat of combustion is released 
within t h e  f lu id  and r e s u l t s  i n  a r l s e  in  temperature t o  
600- 6 5 0 ~ ~ .  Under these condi t ions,  organics  a re  destroyed 
rapid ly  with efficiencies in  excess of 99.999%. Heteroatoms 
a r e  oxidized t o  ac ids ,  which can be precipi ta ted out  a s  
salts by adding a base t o  t h e  feed. Examples a r e  given fo r  
process  configurat ions t o  treat aqueous wastes with 10 and 2 
w t %  organics .  
PRECEDING PAGE BLANK .YQT W 
https://ntrs.nasa.gov/search.jsp?R=19860010451 2020-03-20T15:10:45+00:00Z
I N T R O D U C T I O N  
Aqueous wastes containing organic  materials represent a 
major f r a c t i o n  of t h e  t o t a l  t o x i c  and hazardous waste 
generated i n  t h e  U.S. The predominant treatment methods 
have been deep-well inject ion and lagooning ( including s o l a r  
evapora t ion) .  These land-based d isposa l  prac t ices  do  not  
address  u l t imate  des t ruc t ion  of t h e  tox ic  components of t h e  
w a s t e ;  consequently, there  is increasing publ ic  concern with 
continued rel iance on these techniques. Destruction 
/ 
methods, which usua l ly  cost  an order of magnitude more than  
d i sposa l  methods, are based on oxidat ion of t h e  organic  
content .  For aqueous wastes, des t ruc t ion  methods include 
ac t iva ted  carbon treatment (with oxidat ive regeneration),  
inc inera t ion ,  w e t  oxidat ion and superc r i t i ca l  water 
oxidat ion.  - 
For very d i l u t e  aqueous wastes (e.g., below 1% 
organic) ,  ac t iva ted  carbon treatment is a v iable  al terna-  
t ive .  Organics are desorbed and then oxidized dur ing  regen- 
e r a t i o n  of t h e  carbon. Since a s ign i f i can t  f rac t ion  of t h e  
ac t iva ted  carbon is l o s t  t o  oxidat ion dur ing  regeneration, 
f r e sh  carbon must be added each cycle  as make up. After-- 
b u r n e r s  are used t o  destroy vapors  t h a t  may resu l t  from 
p a r t i a l  oxidat ion dur ing  regeneration. The major cos t  of 
. - 
carbon treatment is t h e  c o s t  of regenerating t h e  carbon and 
providing t h e  make up  carbon. Since t h e  cos t  per gal lon is 
nearly propor t ional  t o  t h e  organic  content,  carbon treatment 
is usual ly  not  considered for  wastes containing more than  1% 
organic.  
Incinerat ion,  on t h e  other  hand, is usual ly r e s t r i c t ed  
f o r  economic reasons t o  relat ively concentrated aqueous 
wastes. To a t t a i n  high des t ruc t ion  efficiencies i n  t r e a t i n g  
toxic  waste, incinerat ion is conducted at high temperature 
(900- 1 1 0 0 ~ ~ )  with relatively long residence t i m e  (e.g. ,2 
sec) .  With aqueous wastes, t h e  heat required t o  br ing  t h e  
. w a t e r  component of t h e  w a s t e  t o  these severe condi t ions is 
subs tan t i a l .  If t h e  w a s t e  conta ins  25% organic  o r  more, 
there  is suff ic ient  heat ing value i n  t h e  waste t o  s u s t a i n  
t h e  process. With decreasing organic  content,  t h e  
supplemental fuel required t o  s a t i s f y  t h e  energy balance 
becomes a major cost .  Thus, controlled incinerat ion of 
aqueous wastes with l e s s  than 20% organic  is only considered 
i n  extenuating circumstances. 
I n  t h e  range of concentrat ions of 1 t o  20% organic ,  w e t  
oxidat ion and s u p e r c r i t i c a l  water oxidat ion a r e  f a r  l e s s  
cos t ly  than  control led incinerat ion o r  act ivated carbon 
treatment. I n  w e t  oxidation of hazardous wastes, organics  
a r e  oxidized i n  t h e  aqueous phase a t  temperatures i n  t h e  
range of 150 t o  3 0 0 ~ ~  and under pressures  of 100 t o  150 
a t m  (L), I n  prac t ice ,  residence t i m e s  of 0.5 t o  2 h r  are 
required f o r  removal of 50 t o  95% of the  i n i t i a l  C O D .  The 
res idua l  o rgan ics  a r e  pr imari ly  innocuous a l i p h a t i c  acids ,  
which a r e  by-products  of oxidat ion of more complex mole- 
cules,  and which are oxidized very slowly under wet oxida- 
t i o n  condi t ions.  Destruction of tox ic  organic  chemicals 
(e.g., chlorophenols, ni t rotoluenes)  can be as high as 
99.996, bu t  many mater ials  a r e  more re s i s t an t  (e.g., 
chlorobenzenes and PCB's). 
Although w e t  oxidat ion is more energy-efficient t h a n  
inc inera t ion ,  t h e  process su f fe r s  from a number of l i m i t a -  
t i o n s .  Under t h e  condl t lons i n  which a i r  and aqueous waste 
a r e  mixed, t h e  s o l u b i l i t y  of oxygen i n  water is considerably 
less than  t h a t  required f o r  complete oxidation. Thus, a 
two-phase mixture is present i n  t h e  reactor.  The reac tor  is 
an  expensive I t e m  because it must operate a t  high tempera- 
t u r e  and high pressure  with a relat ively l a rge  volume t o  
provide necessary residence time. Because t h e  oxidation is 
not  complete, t h e  off-gas from t h e  process can contain 
appreciable  concentrat ions of v o l a t i l e  organics  and may 
requi re  add i t iona l  treatment before release t o  t h e  
atmosphere. 
SUPERCRITICAL WATER O X I D A T I O N  
Supercr i t ica l  water oxidat ion of organics  is an 
improvement upon wet oxidat ion and represents  a breakthrough 
i n  enhanced efficiency and reduction i n  cap i t a l  investment. 
The major advantages of operating superc r i t i ca l ly  are: 
o enhanced so lub i l i ty  of oxygen and air i n  water, 
which eliminates two-phase flow; 
o rapid oxidation of organics ,  which approaches 
ad iaba t i c  condi t ions as w e l l  as high out le t  
temperatures with very s h o r t  residence times; 
o complete oxidat ion of organics ,  which eliminates 
t h e  need f o r  aux i l i a ry  off-gas processing; 
o removal of inorganic  cons t i tuents ,  which 
p rec ip i t a t e  out  of t h e  reactor  effluent at  
temperatures above 4 5 0 ~ ~ ;  and
o recovery of t h e  heat of combustion i n  t h e  form of 
superc r i t i ca l  water, which can be a source of 
high-temperature process  heat o r  used t o  generate 
power in  s u p e r c r i t i c a l  turbines.  
These advantages a r i s e  primarily from t h e  unusual  prop- 
e r t i e s  exhibited by water under superc r i t i ca l  conditions.  
The Propert ies  of Superc r i t i ca l  Water 
Above t h e  c r i t i c a l  temperature and pressure,  t h e  
proper t ies  of water a r e  q u i t e  different from t h a t  of t h e  
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Figure 1 
Temperature-densi ty diagram for water wi th isobars 
(sol i d  I lnes) and constant dielectric constant (dashed lines) 
normal l iqu id  o r  atmospheric steam. For example, organic  
subs tances  are completely so luble  (i.e., miscible i n  all 
propor t ions)  i n  water under some s u p e r c r i t i c a l  condi t ions,  
while salts are almost insoluble  under other  superc r i t i ca l  
condi t ions.  These so lub i l i ty  c h a r a c t e r i s t i c s  a re  s t rong ly  
dependent upon density.  
A temperature-density diagram is shown i n  Fig. 1. T h e  . 
c r i t i c a l  poin t  (C.P.), which lies on t h e  ~ a p o ~ r ~ l i q u i d  
s a t u r a t i o n  dome, occurs  at 374O~ and 0.3 $/cm3. The 
s u p e r c r i t i c a l  region l i e s  above 374Oc and t o  the  r i g h t  of 
t h e  220 isobar .  Near t h e  c r i t i c a l  point (e.g.,, between 
3 0 0 ~ ~  t o  4 5 0 ~ ~  and dens i t ies  from 0.2 t o  0.7 c ~ / c m ~ ) ,  
t h e  dens i ty  va r i e s  very rapid ly  with relat ively s m a l l  
changes i n  temperature at constant  pressure.  
I n s i g h t  i n t o  t h e  s t r u c t u r e  of t h e  aqueous f lu id  i n  t h i s  
region h a s  been obtained from measurements of the  s t a t i c  
d ie l ec t r i c  cons tant ,  which a r e  a l s o  shown i h -  Fig. 1 (&a. 
The d ie lec t r i c  cons tan t s  of some common solvents a r e  given, 
f o r  comparison, in  Table 1. 
The d ie lec t r ic  constant  is a measure of the  degree of 
molecular associat ion.  Normal l iqu id  water has  an E of 80, 
la rge ly  as a r e s u l t  of s t rong  hydrogen bonding. The 
TABLE 1. D I E L E C T R I C  CONSTANTS OF SOME COMMON SOLVENTS 
Carbon Dioxide 1.60 
n- Hexane 1.89 
Benzene 2.28 
Ethyl  e ther  4.34 
Ethyl  ace ta te  6.02 
Benzyl alcohol 13.1 
Ammonia 16.9 
Isopropanol  18.3 
Acetone 20.7 
Ethanol 24.3 
Methanol 32.6 
Ethylene glycol  37. 
Formic ac id  58. 
d ie l ec t r i c  cons tant  of t h e  sa tu ra ted  l iquid decreases 
r ap id ly  with increas ing  temperature, even though t h e  densi ty  
f a l l s  slowly. Since hydrogen bonding forces  are s t r o n g  only 
when molecules a r e  i n  close proximity, s m a l l  increases  i n  
dens i ty  pa ra l l e l  re lat ively l a r g e  decreases i n  shor t - range  
order  r e su l t ing  i n  a rapid  decline i n  & .  A t  1 3 0 ~ ~  ( Q  = 
3 0.9 g/cm ) ,  t h e  d ie lec t r i c  cons tant  is about 50, which is 
3 
near t h a t  of formic acid;  at 2 6 0 ~ ~  (Q = 0.8 g/cm ) ,  
t h e  E of 25 is similar t o  t h a t  of ethanol. 
A s  dens i ty  decreases f u r t h e r ,  t h e  d ie lec t r ic  cons tant  
becomes less dependent upon temperature (i.e., t h e  l ines  of 
cons tan t  i n  Fig. 1 become almost ve r t i ca l ) .  A t  t h e  
crit ical point ,  t h e  d ie lec t r i c  constant  is 5. Ramon spec t ra  
of HDO i n  t h i s  region ind ica te  l i t t l e ,  i f  any, res idual  
hydrogen bonding (4J. The major cont r ibut ion  t o  E is now 
molecular associat ion due t o  dipole-dipole in terac t ions ,  
which gradual ly  decrease with increasing void volume. 
Above 3 0 0 ~ ~ ~  t h e  temperature-density relat ionship 
becomes pressure-dependent (see Fig. 1). We s h a l l  follow 
t h e  250 a t m  i sobar  (which is a convenient pressure for  
superc r i t i ca l  operat ions) .  A t  300°c, t h e  of about 15 is 
similar t o  t h a t  of benzyl alcohol. Proceeding above 3 0 0 ' ~  
along t h e  250 i sobar ,  we see €. dropping t o  10 a t  400°c, 5 
a t  4 2 0 ~ ~  and 2 at  4 9 0 ~ ~ .  Through t h e  two hundred degree 
r i s e  from 300 t o  5 0 0 ~ ~ ~  t h e  d ie lec t r ic  cons tant  var ies  
from t h a t  of moderately polar t o  non-polar organic  solvents.  
While d ie l ec t r i c  constant  is not  t h e  so le  determinant 
of s o l u b i l i t y  behavior, t h e  solvent power of water fo r  
organics  is cons is ten t  with t h e  va r i a t ion  of 'i, as 
described above. Benzene so lub i l i ty  in  water is a good 
example (&,6J. A t  25Oc, benzene is spa r ing ly  soluble  i n  
water (0.07 w t % ) .  A t  260°c, t h e  so lub i l l ty  is about 7 t o  
8 w t %  and f a i r l y  independent of pressure.  A t  287O~,  t h e  
so lub i l i ty  is somewhat pressure dependent, with a maximum of 
28 w t %  at 200 t o  250 a t m .  I n  t h i s  pressure  range, t h e  
so lub i l i ty  r i s e s  t o  35 w t %  at 295Oc; at 300°c, the  
c r i t i c a l  point of t h e  benzene-water mixture is surpassed. 
When t h e  mixture  becomes super c r i t i c a l ,  by defini t ion,  there  
is only a s ing le  phase. Thus, the-components a r e  miscible 
i n  a l l  propor t ions .  
. - m  
Other hydrocarbons exhib i t  s imilar  so lub i l i ty  
behavior.   lip ha tic hydrocarbons are somewhat l e s s  soluble  
i n  w a t e r  at comparable temperatures. ~ h u s ,  higher 
temperatures are required t o  reach t h e  same s o l u b i l i t y  as 
. . 
t h a t  of benzene. ~ i n a r y  mixtures of pentane-water and 
.-, heptane-water b k o k e  s u p e r c r i t i c a l  (and, therefore, 
completely miscible) at  about 3 5 0 ~ ~  (9. 
5 %  
The locus' 03 c r i t i c a l  poin ts  of binary mixtures 
conta in ing  water have been reported for  a va r i e ty  of organic  
subs tances  (e.g., ethane, ethylene, n-butane, 1,3,5 
trimethylbenzene, naphthalene) and gases (ni t rogen,  carbon 
dioxide,  ammonia,' hydrogen, argon).  ~ x c e p t  f o r  argon, all 
of t h e  compounds s tudied t o  d a t e  are completely miscible 
with w a t e r  above 374Oc at 250 a t m .  ' Argon is completely 
miscible above 3 9 0 ~ ~ .  
: i 
For dens i t i e s  less than  0.7 g/cm3,  t h e  s o l u b i l i t y  of 
inorganic  salts i n  water is as unusual as t h a t  of organics .  
A t  250 atm, t h =  s o l u b i l i t i e s  of salts reach a maximum at  300 
t o  4 5 0 ~ ~ .  Beyond t h e  maximum, t h e  solubl ' l i t ies drop very 
r ap id ly  with increasing temperature. . . For example, N a C l  
s o l u b i l i t y  is about .40 w t %  a t  3 0 0 ' ~  and about 100 ppm at 
4 5 0 ~ ~ ;  C a C 1 2  h a s  a maximum so lub i l i ty  of 70 w t %  at 
s u b c r i t i c a l  temperatures, which drops  t o  10 ppm at 5 0 0 ~ ~  
. 
(3. Given t h e  f a c t  t h a t  t h e  d ie lec t r ic  constant  of w a t e r  
is about 2 a t  490°,c and 250 a t m  (see Fig. I), it is not  
s u r p r i s i n g  t h a t  inorganics  . ,- a r e  p rac t i ca l ly  insoluble.  
. . 
Coincident with t h e  l o s s  of so lva t ing  power f o r  
inorganic  salts, s u p e r c r i t i c a l  water a l so  loses t h e  a b i l i t y  
t o  d i s soc ia te  salts. For example, t h e  d issoc ia t ion  cons tant  
of N a C l  at 4 0 0 - 5 0 0 ~ ~  and dens i t ies  i n  t h e  range of 0.35 is 
of t h e  order  of Thus. s t rong  electrolytes  become 
weak e lec t ro ly tes  i n  s u p e r c r i t i c a l  w a t e r .  
- The proper t ies  of water, a s  a funct ion of temperature, 
a r e  summarized in  Fig. 2. W e  see t h a t  w a t e r  goes through a 
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complete reversal  i n  s o l u b i l i t y  behavior toward organic  and 
inorganic  substances , L through t h e  temperature range of 
3 5 0 - 4 5 0 ~ ~ .  Below t h i s  range. t h e  pa t t e rn  is s i m i l a r  t o  
normal l iquid  water: low organic  and high inorganic  
so lub i l i ty .  Within, t h e  range, there  is high so lub i l i ty  of 
both organic  and inorganic  substances.  Above t h i s  range, 
inorganic  salts a r e  p rac t i ca l ly  insoluble,  and organic  
subs tances  are completely miscible. 
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Proper t ies  o f  water  a t  2 5 0  atmospheres 
The Effect of Temperature on Destruction Efficiency 
Over t h e  pas t  f ive  years,  a number of s tud ies  of SCW 
oxidat ion have been conducted us ing  a bench scale  u n i t ,  
which h a s  been described previously (&,9_). Reported here 
a r e  r e s u l t s  of a s tudy  of t h e  effect of temperature on 
des t ruc t ion  efficiency. The r e s u l t s ,  shown i n  Table 2, a r e  
s t r i k i n g  examples, yet q u i t e  t y p i c a l  of other r e s u l t s  t h a t  
have been obtained. The feed material f o r  t h e  tests of 
Table 2 w e r e  mixtures of 2,4-nitrotoluene in  methylethyl 
ketone. A l l  experiments were run  with a residence time of 
20 t o  30 sec. Each column of Table 2 represents t h e  average 
values of t h e  two runs.  
A t  t h e  four  temperatures of 404, 457, 513 and 574O~,  
t h e  organic  carbon des t ruc t ion  efficiencies were 92.5, 99.8, 
99.93 and 99.998%, respectively. These r e s u l t s  correspond 
t o  an increase in  rate of over 3 o rde r s  i n  magnitude i n  t h e  
temperature range of 404 t o  574O~. There is reason t o  
believe t h a t  these r e s u l t s  a r e  limited not by reaction 
k ine t ics  b u t  by t h e  r a t e  of mixing of reactants .  Rates of 
almost two o rde r s  of magnitude higher than  t h e  highest  of 
Table 2 w e r e  observed when operat ing with a new feed i n t r o -  
duct ion device a t  6 3 0 ~ ~  (i.e., des t ruc t ion  efficiencies 
were grea ter  than 99.999% a t  residence t i m e s  as low as 0.6 
sec) . 
TABLE 2 
T H E  EFFECT OF TEMPERATURE ON. DESTRUCTION EFFICIENCY; 
O X I D A T I O N  OF DINITROTOLUENE 
Run No. 
F e d  Material ,396 D N T /  3% D N T /  3% D N T /  12% DNT/  
M EK M EK M EK MEK 
Temperature (OC)  404 457 513 574 
Carbon Analysis 
Organic Carbon I n  (ppm) 9,540 9,650 
Organic Carbon Out (ppm) 712 15.7 
Destruct ion Efficiency (%) 92.5 99.8 
T o t a l  Carbon Recovered (%) 99.9 98.6 
Nitrogen Analysis 
Organic Nitrogen I n  (ppm) 64 
Nitrogen Out-Liquid (%) 58.ya 5a 10.6c 
Nitrogen Out-Gas (%) N A 23.1 
T o t a l  Nitrogen Recovered (%) 58.7 33.7 
G a s  Composition (mol %) 
0 
ca. 
Liquid Products  Containing Nitroqen (ppm) 
Dinitrobenzene 170.4 0.187 
Dinitrophenol 
Dinitrotoluene 
Dinotrocresol 
a Primari ly  organic  nitrogen i n  l iquid  products  
Pr imar i ly  n i t r a t e  and n i t r i t e  nitrogen 
C Molecular ni t rogen 
It  is in te res t ing  t o  note t h e  f a t e  of organic  ni t rogen 
i n  t h e  d in i t ro to luene  oxidat ion tests. A t  574Oc, t h e  l a s t  
column of Table 2, 94% of t h e  ni t rogen i n  t h e  feed is 
recovered a s  N 2  and N20 i n  t h e  gaseous effluent and 6% 
is recovered a s  n i t r a t e  and n i t r i t e  i o n s  i n  t h e  l iqu id  
effluent.  No NO, NO2 o r  N H 3  , w a s  found i n  the  g a s  phase 
nor w a s  N H 3  found i n  t h e  l iquid  phase. 
I n  t h e  other  three  columns of Table 2 ,  t he  nitrogen 
material balance c losure  w a s  poor because w e  did not  analyze 
f o r  N20 i n  t h e  g a s  phase and N H 3  i n  t h e  l iquid  phase. 
I n  other experiments with dini t rotoluene,  ammonia and amines 
w e r e  found at  400 t o  5 0 0 ~ ~  .while N20 is t h e  major 
product at 500 t o  5 5 0 ~ ~ .  
I n  no case were NO and N O 2  formed a s  products  of 
oxidat ion of ni t rogen compounds i n  SCW oxidation. A t  600 t c r  
6 5 0 ~ ~ .  N 2  and N20 are t h e  major products ,  even when 
t h e  feed is primari ly  ammonia nitrogen. The N20 component 
can be readily decomposed ca ta ly t i ca l ly  t o  N p  and O 2  
and, thus ,  S C W  oxidat ion of nitrogen-containing organics  is 
f a r  l e s s  damaging t o  t h e  environment than  high temperature 
incinerat ion.  
F i g u r e  3 
Process Schematic f o r  O x i d a t i o n  o f  an 
Aqueous Waste w i t h  a h e a t i n g  v a l u e  o f  
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S C  WO f o r  Treatment of Aqueous Wastes 
Superc r i t i ca l  water oxidat ion can be applied t o  wastes 
with a wide range of organic  concentration. A schematic 
flowsheet f o r  a process f o r  t r e a t i n g  an aqueous w a s t e  
containing 10 w t %  organic  is given i n  Fig. 3. This  process 
c o n s i s t s  of t h e  following s teps:  
1. The waste, a s  e i the r  an aqueous so lu t ion  o r  a 
s l u r r y ,  is pressurized and delivered t o  t h e  
oxidizer  in le t .  It is heated t o  superc r i t i ca l  
condi t ions by d i r e c t  mixing with recycled reac tor  
effluent . 
2. Oxygen is supplied i n  t h e  form of compressed a i r ,  ' 
which is used a s  t h e  motive f lu id  in  an eductor  t o  
provide recycle of a por t ion  of t h e  reactor  
effluent. This  in le t  mixture is then a homogeneous 
phase of air, organics  and superc r i t i ca l  water. 
3. The organics  a r e  oxidized i n  a controlled but  r ap id  
reaction. The s h o r t  residence t i m e s  required allow 
ad iaba t i c  operation of t h e  oxidizer.  The heat 
released by combustion of readily oxidized com- 
ponents is suff ic ient  t o  r a i s e  the  f lu id  phase t o  
temperatures a t  which al l  organics  are oxidized 
rapidly.  
4. The effluent from t h e  oxidizer is fed t o  a 
cyclone. The s o l u b i l i t y  of inorganics  is extremely 
low at t h e  reac tor  effluent temperatures. Inorganic  
salts t h a t  are o r ig ina l ly  present i n  t h e  feed o r  
which form i n  t h e  combustion react ions p rec ip i t a t e  
ou t  of t h e  f lu id  phase i n  t h e  oxidizer and a r e  
separated here. 
5. The f l u i d  effluent of t h e  s o l i d  separa tor  is a 
mixture of H20, N2, and C o p .  A port ion of 
t h i s  is recycled through t h e  eductor t o  provide 
s u p e r c r i t i c a l  condi t ions at t h e  oxidizer in le t .  
6. The remainder of t h e  eff luent  is avai lable  as a 
high temperature, high pressure f lu id  f o r  energy 
recovery. This  stream is cooled t o  a s u b c r i t i c a l  
temperature i n  a heat exchanger which serves t o  
generate low pressure o r  high pressure steam. 
7. Now at a s u b c r i t i c a l  temperature, t h e  mixture h a s  
formed two phases and e n t e r s  a high pressure  
l iquid-vapor  separa tor .  P rac t i ca l ly  al l  of t h e  
N2 and most of t h e  C o p  leaves with t h e  g a s  
stream. The l iquid  c o n s i s t s  of water with an 
appreciable  amount of dissolved C 0 2 .  
8. The g a s  stream can then be expanded through a 
t u r b i n e  t o  e x t r a c t  t h e  avai lable  energy as power. 
A por t ion  of t h e  power is used f o r  compression of 
t h e  i n l e t  air. 
9. The l i q u i d  from t h e  high pressure separa tor  is 
depressurized and fed t o  a low pressure separa tor .  
The vapor stream is primari ly  C o g  which is vented 
with t h e  g a s  tu rb ine  effluent.  The l iquid  stream 
is clean water. 
The des t ruc t ion  efficiency (defined herein as t h e  
conversion of organic  materials i n  t h e  feed t o  f i n a l  
oxidat ion products  of C02, H20 and a c i d s  o r  oxyacids of 
heteroatoms and metals) is a funct ion of reactor temperature 
and residence t i m e .  It h a s  been found t h a t  a reactor  
effluent temperature i n  t h e  range of 600 t o  6 5 0 ~ ~  and 
residence t i m e  of 5 sec a r e  suff ic ient  fo r  a des t ruc t ion  
efficiency of more than  99.999%. Higher temperatures could 
be used t o  reduce t h e  residence t i m e .  However, at 5 sec 
residence time, t h e  reac tor  cost  is a s m a l l  f rac t ion  of 
t o t a l  c a p i t a l  cos t  and, therefore, there  is not  much 
incent ive t o  t r y  t o  reduce reactor  volume by operating above 
650°c. 
Increas ing  e i ther  temperature o r  residence t i m e  w i l l  
r e su l t  i n  increased des t ruc t ion  efficiency. The oxidation 
k ine t i c s  appear t o  be approximately f i r s t  order i n  organic  
concentration. Thus, in  theory,  doubling t h e  reactor length 
and, thereby, doubling t h e  residence t i m e  from 5 t o  10 sec 
should re su l t  in  doubling t h e  logarithm of des t ruc t ion  
efficiency; i n  o ther  words, 99.999% should become 
99.999999999%! [Of course, t h e  ana ly t i ca l  techniques 
required t o  document such  high des t ruc t ion  efficiencies are 
no t  available.]  
For t h e  process  configurat ion i l l u s t r a t e d  In Fig. 3, 
t h e  reac tor  e x i t  temperature is a d i rec t  funct ion of t h e  
heat ing value of t h e  feed. To a t t a i n  a temperature of 600 
t o  650°c, t h e  w a s t e  should contain about 1,750 Btu/lb o r  
4,050 J / g ,  which is t h e  heat ing value of an aqueous so lu t ion  
of about 10 w t %  benzene (heat of combustion of 17,500 Btu/lb 
o r  40.5 kJ/g)  o r  14 w t %  ethanol  (12,800 Btu/lb o r  29.7 
kJ /g) .  If  t h e  waste is more concentrated o r  otherwise has  a 
higher  heating value, it could be blended with more d i l u t e  
waste o r ,  i f  unavailable,  with water. In  t h e  l a t t e r  case, 
t h e  added w a t e r  would be recovered from t h e  process effluent 
i n  a form which is pure enough t o  be used as process  water 
i n  most appl ica t ions .  
The energy released by combustion is contained within 
t h e  reac tor  effluent as thermal energy. A s  shown i n  Fig. 3, 
it could be recovered as heat i n  t h e  steam generator and/or 
power from t h e  expansion turb ine .  The energet ics  of t h e  SCW 
oxidat ion process  a r e  such t h a t  t h e  amount of power avai l -  
ab le  f o r  recovery is s u b s t a n t i a l l y  more than t h a t  required 
t o  compress t h e  air and waste. The overal l  process is 
somewhat analogous t o  a g a s  tu rb ine  power cycle. However, 
many appl ica t ions  require  systems which a r e  s m a l l  (by 
chemical process i n d u s t r y  s tandards)  and capi tal- intensive.  
I n  those cases, power recovery cannot be jus t i f ied  on 
economics and, thus ,  t h e  heat of combustion and t h e  energy 
input  for  air compression a r e  simply recovered as steam. 
For w a s t e s  with heating values below 1,750 Btu/lb,  
aux i l i a ry  fuel could be added t o  make up t h e  required 
heating value. The fuel cos t  can be appreciable when 
t r e a t i n g  a very d i l u t e  waste. I n  such cases,  it is more 
economical t o  use a regenerative heat exchanger r a the r  than 
a steam generator,  a s  shown i n  Fig. 4. This  process 
configurat ion d i f fe r s  from t h a t  of Fig. 3 by addi t ion  of a 
feed-effluent heat exchanger and deletion of steam generator 
and eductor.  In t h i s  manner, t h e  minimum heating value of 
t h e  feed fo r  autogenic operation is 350 Btu/lb (800 J /g ) ,  
which is a concentration of 2 w t %  benzene-equivalent. For 
t h e  same heat release ra te ,  t h e  process of Fig. 4 can treat 
f ive  times as much waste (at 2 w t % )  as t h a t  of t h e  process 
of Fig. 3 (at 10 w t % ) .  This increased waste volume more 
than  compensates fo r  t h e  higher c a p i t a l  cos t  due t o  t h e  
regenerative heat exchanger. 
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Advantaqes of Supercr i t ica l  Water Oxidation 
A s  a waste des t ruc t ion  process, SCW oxidation has  
several  advantages over conventional processes. The 
chemical reac t ions  t h a t  occur a r e  car r ied  out  in  a closed 
system, making it possible  t o  maintain t o t a l  physical  
con t ro l  of waste materials from storage,  through t h e  oxida- 
t i o n  process,  t o  t h e  eventual d ischarge  of t h e  products  of 
combustion. This  feature provides pos i t ive  assurance of 
environmental protection. I n  addi t ion ,  bench-scale r e s u l t s  
have demonstrated essent ia l ly  complete combu~t ion  of 
, 
chemically s t a b l e  hazardous and t o x i c  materials. The 
process  can be adapted t o  a wide range of feed mixtures and 
sca les  of operation. Systems can be designed as. skid-- 
mounted, t r anspor tab le  u n i t s  and as l a rge r  scale  s t a t i o n a r y  
un i t s .  The process  i's capable of generating a l l  t h e  power 
required fo r  air compression and feed pumping and, thus ,  can . 
have no net energy requirement fo r  system operation. 
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